.0±0.7 and 4.8+1.0 mm at 90 seconds, respectively. The time to reach one-half lesion size was 6.5 seconds for width and 12.0 seconds for depth. Lesion width increased nearly linearly with tip temperature above 50°C, but depth followed a sigmoid relation, with no increase above 80C. In study 2, RF lesions were made in all four cardiac chambers under fluoroscopic guidance in 19 infant sheep (10.9±+1.4 kg). Lesion sizes and histological characteristics were assessed acutely (acute, n=5), at 1.07±0.02 months (1 month, n=5), and at 8.5±0.5 months (late, n=9). Atrial and ventricular lesions but not atrioventricular groove lesions apparently increased in size during the follow-up period. Atrial lesions width increased from 5.3±0.5 to 8.7±0.7 mm at 1 month (164%) but did not increase further at late follow-up, while ventricular lesion width increased from 5.9±0.8 to 10.1±0.7 mm (171%) at late follow-up but was not significantly changed at 1 month. Histological evaluation revealed replacement of normal myocytes with fibrous and elastic tissue at 1 month and late follow-up in all locations but also demonstrated a poorly delineated border with multiple extensions of fibrous and elastic tissue into surrounding normal myocardium in late ventricular lesions.
Conclusions RF lesion formation in immature sheep myocardium is similar to that in adult myocardium acutely but is associated with late lesion enlargement and fibrous tissue invasion of normal myocardium. These findings may have implications for clinical RF ablation procedures in infants. (Circultion. 1994; 90:492-499.) Key Words * catheter ablation * radiofrequency infants A ccessory atrioventricular (AV) pathway ablation with catheter-delivered radiofrequency (RF) energy has now become the treatment of choice for adults and most pediatric patients with accessory pathway-mediated arrhythmias that are either life threatening or refractory to medical therapy.1-4 In addition, RF ablation has been used to successfully eliminate or modify either slow or fast pathway conduction tissue in AV nodal reentry tachycardia,5 foci responsible for ectopic atrial tachycardia,6 and the tissue critical to some forms of ventricular tachycardia.78 Although the short-and medium-term safety of producing RF lesions around the AV groove and in the ventricle has now been established in both adult animals9 and humans,'-4 there have been no studies examining these lesions in developing myocardium.
This study examines the pathology of RF energy on lesions in immature developing myocardium by assessing lesion characteristics, first as a function of RF pulse duration and catheter tip temperature,10 then as a function of body growth.
Methods
Two sets of experiments were performed. The first experiments (study 1) were performed through a thoracotomy on the epicardial surface in 15 infant sheep to assess the effects of RF lesion duration and electrode tip temperature on young myocardium in a well-controlled setting. The second experiments (study 2) were performed using intravascular catheters to produce RF lesions on the endocardial surface in 19 infant sheep, which were then allowed to age between 1 and 9 months after lesion production to assess the effects of animal growth on RF lesion characteristics. All experiments were performed under protocols approved by the Animal Resources Committee at Children's Hospital, Boston. See p 639
Study 1
Under general anesthesia with halothane and intravenous ketamine (10 mg/kg per hour), a left thoracotomy was performed on each of the 15 sheep. The left ventricular epicardial surface of the beating heart was exposed by creation of a pericardial cradle. The exposed heart was bathed in saline at 37°C to 38°C. RF energy was applied to multiple sites on the epicardial surface of each heart through a 6F electrode catheter with a 2-mm-long lumen tip (Bard) modified with a tip-mounted thermistor probe. A 500-kHz RF generator (Radionics) was used for RF energy delivery and for continuous monitoring of thermistor temperature. The catheter tip was maintained perpendicular to the epicardial surface, and cath-eter tip-tissue contact pressure was maintained constant with a 20-g weight. Electrode catheter tip temperature, a measure of tissue temperature at the electrode site, was monitored continuously during lesion production.
In 
Ablation Protocol
Once positioned and electrically and fluoroscopically stable, the distal pole of the quadripolar catheter was connected to the active lead of a 500-kHz RF generator (RFG-3C, Radionics, Inc). The anatomic location of the catheter within the heart was noted, and RF energy was delivered in a unipolar fashion between the active lead and a large skin reference electrode positioned on the animal's lower back. During each application, power, voltage, current, and impedance were continuously monitored. Power was set at 20 W for the first 5 sheep, but because of frequent impedance rises and arrhythmias when making ventricular lesions was reduced to 15 W in the remaining 14 sheep. Lesion duration was set at 60 seconds, but in the occurrence of a sudden rise in impedance, the application was terminated and the catheter tip examined for coagulum formation and cleaned.
Postablation Protocol
After the final RF applications were made, the catheters were removed and examined, and the sheep were either euthanized after approximately 30 minutes of observation (n=5, acute) or recovered for 24 hours and sent to a long-term animal care facility for growth (n= 14). Five of the 14 sheep were returned after 1.07±0.02 months (1-month group), and the remaining 9 were returned after 8.5±0.5 months (late group). Coronary angiography was performed in the late group before euthanasia and analysis. No sheep died during the follow-up phase.
After euthanasia, all hearts were treated similarly. The hearts were rapidly excised, washed, and the epicardial surface carefully examined for any lesions, with particular observation of areas where the original RF applications were predicted to be. Lesions on the epicardial surface were measured, and characteristics such as color, consistency, contour, and the presence of hemorrhage were noted. The hearts then were opened, carefully avoiding visually apparent RF lesions, and the endocardial surface of all four chambers were examined for any evidence of lesions. The locations and total number of lesions present were compared with the locations and number of RF applications made during the catheter procedure, and notations of "missing" lesions were made during the examination. Each lesion then was individually excised, and the endocardial dimensions were recorded. For lesions with an eccentric endocardial profile, lesion width or diameter was estimated as the average of the longest and shortest endocardial dimensions. Finally, the lesions were transected through their largest endocardial extent and their transmyocardial depth noted, as well as any evidence that the lesion was transmural. Histological sections were prepared from the cut myocardial surface of the lesions using the following stains: hematoxylin and eosin for evaluation of tissue viability, Gomori's trichrome for evaluation of connective tissue, and the Verhoeff-van Gieson stain for evaluation of elastic tissue.
Statistical Analysis
ANOVA was used to compare data between the three experimental groups: acute, 1-month, and late. A post hoc comparison using the Bonferroni t test then was performed to identify specific differences between the acute group and the 1-month group and between the 1-month group and the late group. Differences in numbers of lesions found at various anatomic locations were evaluated with X2 statistics. A value of P<.05 was considered significant. Data 
Efflects of Temperature
There was only a minimally detectable lesion for tip temperatures below 50°C. Above 50°C, the width increased approximately linearly with temperature; however, the depth had more of a sigmoid relation to tip temperature, not increasing linearly until 65°C and not increasing any further above 80°C (Fig 1) . Study 2 Sheep size significantly increased between the initial catheter ablation procedure and both the 1-month and late follow-ups (P<.001, Table 2 ) and 52% on the AV groove (P<.001 by x2; Table 2 ).
Coronary angiography performed before euthanasia revealed normal left and right coronary circulations in all 9 late animals. Table 2 ). When an epicardial extension of an endocardial lesion could be identified, it usually had a similar appearance to the endocardial surface except that it was smaller and never associated with ulceration, adherent coagulum, or hemorrhage. Most lesions could be detected by palpation as a somewhat thickened and denser area of tissue.
The 1-month and late lesions grossly appeared quite similar to each other, with the exception that some of the late lesions were extremely large (Fig 2) . Lesions were pale to pearly white, with smooth but sometimes irregular borders and a dense feeling consistent with fibrosis. As shown in Fig 2 and detailed in Table 2 , most atrial (90%) and some ventricular (21%) lesions were transmural and associated with thinning of the myocardium, which resulted in an area of either dimpling or aneurysm of the epicardial surface. Atrial lesions were thinner than ventricular ones (Table 2) . When assessing the depth of AV groove lesions, the exact division between the lesion and the myocardial surface was more difficult to identify than in other locations because of the fibrous nature of the normal AV ring. Lesion Size Fig 3 and Table 2 detail the lesion size data as a function of lesion location and observation time. For atrial lesions, the width but not the depth was significantly larger at the 1-month follow-up than at the acute evaluation but remained unchanged at the late follow-up compared with 1-month follow-up. Although the maximum size of AV groove lesions was larger at the 1-month and late assessments than at the acute assessment, the average size of AV groove lesions was similar at all three observation points. As with the atrial lesions, 
Discussion
The primary findings of this study are first that immature myocardium in infant sheep appears to respond acutely to heating with RF energy in a manner similar to that observed in adult animals. With one exception (see below), the biophysical responses of the tissue as well as the gross and histological findings for the acute lesions in this study were nearly identical to those described previously from studies performed on adult dog and human hearts.9-13 Second, and perhaps more important, in contrast to RF lesions made in adult myocardium,9,11-3 lesions in immature atrial and ventricular myocardium appear to increase in size during early rapid organ growth. Finally, at late follow-up, RF lesions in immature myocardium appear histologically more invasive than lesions in adult hearts,9 11,12 with extensions of fibrous and connective tissue that appear to cross the acute area of cell death into previously normal myocardium. These findings, which presumably result from differences in either the inflammatory response or the potential for cell growth in developing myocardium,'415 may have implications for the performance of RF ablation in infant hearts. 
Acute Response
In agreement with previous studies in adult animal hearts','06 the epicardial data from study 1 demonstrated that RE lesion size in immature myocardium is dependent on both application duration and catheter tip temperature. In fact, the specific characteristics of the relations between lesion size and application duration were in most ways nearly identical to those described previously. Lesion size as a function of duration was well described by an inverse exponential rise with time and a time to one-half size of 6.5 seconds for width and 12 seconds for depth. These numbers are very close to that of 9 seconds, found by Wittkampf et al17 for the half time of the change in the average dimension of lesions made in dog hearts with a catheter in vivo. Of note, the half time was shorter for lesion width than for lesion depth, but the average depth was more than one-half the width. The first of these observations may be due to the in vivo myocardial perfusion and the absence of superfusion present in this study, factors that might promote deep tissue cooling and enhance superficial heating. No previous studies have applied RF energy in vivo under direct observation in controlled conditions. The latter observation that the depth was more than one-half the width may be related to the structure of the catheter tip,'8'9 2-mm length and radius, which when fully immersed in tissue provides a radial profile, which is 2 mm into the tissue but only 1 mm along the plane parallel to the epicardial surface. In addition, the catheter tended to slowly sink into the tissue during lesion production, also enhancing the lesion depth. It should also be noted that the power used to produce these lesions was at most a few watts, an order of magnitude less than that often used in clinical ablations. This finding probably is due to the fact that with the nearly full tissue immersion of the electrode provided by direct observational guidance, very little of the current is shunted to the low-impedance fluid media (in this case, saline), which is effectively a parallel resistance to the tissue.2021
The data from this study on the effects of temperature were similar to that from adult animals,'0 with one important exception. Haines and Watson10 found that in isolated myocardium, both the width and depth of their RF lesions increased linearly with temperatures above 50°C, whereas the in vivo data from immature myocardium from this study demonstrated a sigmoid effect of temperature on depth, with a saturation of the temperature effect above 80°C. Neither the experimental design of this study nor the literature provides data to differentiate the effects of myocardial developmental stage from the effects of using naturally perfused epicardium; however, there are data indicating an increased capillary density in immature myocardium,15 potentially providing excess coronary reserve and enhanced local heat transfer. There are multiple structural and functional differences between adult and immature myocardium, some of which might have affected the response to the application of RF energy. Although the number of muscle fibers per capillary is larger in newborn human and many animal hearts than in adult hearts, because of a smaller myocyte diameter, the capillary density has generally been found to be higher in newborn than in adult hearts. 15 Thus, myocardial blood content and flow have the potential to be somewhat higher in infant hearts. In addition, the intracellular space in infant myocardium has a lower density of many microstructures14 and presumably more water than adult myocardium. Since the impedance of both blood and saline are significantly lower than the impedance of tissue,2072' the differences between immature and mature myocardium presumably change total tissue impedance characteristics and the response to RF energy. Differences in myocardial blood flow also might change heat transfer characteristics and affect both the rate and extent of RF heating, potentially accounting for the differences between the responses of width and depth to tip temperature and RF duration noted in this study.
Increases in Lesion Size With Animal Growth
Atrial and ventricular lesion sizes clearly increased simultaneously with cardiac and whole-body growth during the course of this study. Although the average dimensions of AV groove lesions did not change, the maximum lesion width was very large at the 1-month and late follow-ups. These findings are in distinct contrast to those found by previous investigators for RF lesions in adult dogs9"11-"3 or for myocardial infarctions in many species22; however, this study provides only limited data to suggest a mechanism for the increase in size. There are two possible mechanisms for an increase in lesion size: lesion stretch and actual growth of the lesion constituents. The differences between lesion size changes in the atria, AV groove, and ventricles may yield some insight into which mechanisms were operative. The fact that atrial lesion width increased by 1 month but only ventricular lesions were larger at late follow-up suggests that both mechanisms may have been operative. Almost all atrial lesions were transmural. They also were associated with large increases in lesion width, a trend toward a decrease in lesion depth, and replacement of normal atrial myocardium by fibrous and elastic tissue at 1 month, all changes consistent with scar formation accompanied by stretching and thinning of the affected area. In contrast, only some ventricular lesions were transmural. Although the transmural fibrous area was thinner than the surrounding myocardium, both the surrounding myocardium and the transmural area were thicker than in the atria, possibly accounting for less early stretch. Thus, the late increase in size of the ventricular lesions seems likely to be due to actual growth of both cellular and noncellular lesion constituents. Apparently, AV groove lesions, which did not change significantly in size, were not subject to significant stretching or growth or there was some offsetting lesion shrinkage that was less prominent than for lesions in other locations.
There are limited data on scar formation in immature hearts. Although there are no reports of notable myocardial scar enlargement after congenital heart surgery in humans, a single study specifically addressing the issue of myocardial scar maturation in developing dog hearts found that both atriotomy and ventriculotomy scars made in infant puppies more than doubled their length during an average of 5 months' growth (human equivalent of 7 years), whereas scars in adult animals shrank by 20% to 30% during a similar follow-up period.23 Similar to this study, their results also demonstrated that atrial scars enlarged more than ventricular ones, but no data were presented to elucidate the mechanism of enlargement.23 Although the histological findings from this study cannot be used to assess quantitatively the question of cell division versus hypertrophy as a mechanism of lesion growth, the presence of fibrous and elastic tissue extensions into the normal myocardium of late lesions strongly suggests that growth was due at least in part to cell proliferation. Such a hypothesis is consistent with the observation that in contrast to adult hearts, both muscle and interstitial cells are actively dividing in infant animals and humans.14 Differences between the responses of atrial, AV groove, and ventricular tissue to the RF lesions may have been the result of differential completion of development or of differences in the amount of fibrous tissue normally present in these areas. For instance, the AV groove not only is composed of primarily fibrous tissue from early in development but has little postgestational cell division. ' 
